In this work the thermal degradation of polyetherimides joined by friction riveting (FricRiveting) [1] was investigated for variable rotation speeds. The rotation speed is an important variable to be understood in order to predict thermal degradation during this process. Investigated rotation speeds in the range of 1570-2199 rad/s resulted in high process temperatures o C) and heating rates (up to 2 o C/100 rad.s -1 ), but only small heating times (< 3s).
Introduction
Amorphous polyetherimide (PEI) is a high-performance thermoplastic polymer PEI is primarily used in the automotive, electrical/electronic, medical, packaging, aircraft and industrial markets [4] [5] [6] [7] [8] in the form of sheet and moulded parts. In aerospace applications, particular advantages are their inherently flame retardant behaviour, low smoke emission and chemical resistance against most fuels and fluids [9] . One remarkable thermal property of PEI resins is their high softening point, represented by the glass transition temperature in the order of 215 to 220 o C [3] . PEI resins can be processed with most conventional thermoplastic techniques. High melting processing temperatures are needed, ranging from 350°C to 425°C [10] and granulates are normally dried prior to melt processing, because of its relative high water absorption [3, 11] .
The high processing temperatures plus the low coefficient of thermal expansion makes PEI a good candidate for joining technology applications [12] [13] [14] . However, thermal processing, such as that found during welding and thermal bonding, is well known to cause a certain extension of thermal degradation, due to the high temperatures and dwell times. The thermal degradation in PEI was extensively studied in the last decades [15] [16] [17] [18] [19] [20] [21] [22] . PEI can basically undergo thermal degradation in two ways: by random scission or by crosslinking [23] . Decreasing molecular weight (MW) may result in inferior polymer strength. Conversely, crosslinking will augment polymer strength.
While the increase of MW improves yield strength, it also increases molten viscosity [19] . Crosslinking in PEI was reported to occur in temperatures ranging from 320-380 o C [15, 19] , whereas chain scission above 400 o C shows a maximum rate of decomposition (rate of weight loss) around 510-540 o C [15] [16] [17] [18] [19] [20] . Chain scission happens in two stages for PEI: an early stage at 520 o C, isopropylidene and isopropyl end-groups (R) (R equals to H, CH 3 , C 2 H 5 , C 3 H 5 ,
. If the working atmosphere is rich in oxygen, T 3 reaction may follow complex thermo-oxidative reactions leading to the formation of compounds such as alcohols, acetones and acids [22, 25] . Finally, reaction T 4 corresponds to scission of phenyl-phthalimide bonds followed by hydrogen transfer resulting in compounds with N-H and or N-phenyl end-groups.
The crosslinking mechanisms of PEI ULTEM 1000 are currently not well understood. Kuroda et al. [15] have proposed that links between chains are probably formed by combination of two radicals resultant from the chain scission (β-scission) of isopropylidene moieties followed by the substitution of phenyl radical into benzene. A schematic representation of a crosslinked region originated by such mechanisms is found in Figure 3 .
Recently, thermoplastic PEI was demonstrated to be joinable by
FricRiveting [26] . This new joining technology developed in 2005 [1] was conceived for assembling thermoplastics and thermoplastic matrix composites with lightweight alloy parts. In this process two or more pieces are kept together by a round rivet, which is mechanically anchored by means of frictional heating resultant from high rotation speeds and axial pressures applied on the rivet. As a matter of illustration the process can be represented by the point-on-plate joint in Figure 4 , where a metallic rivet is inserted into a thermoplastic base plate. Prior to joining, the pieces are firmly fixed in the joining machine ( Figure 4A ). The rotating rivet is than pressed against the base plate. Friction will increase temperature in the rubbing area so a thin layer of softened/molten polymer will be created. This allows the rotating rivet starting penetrating the base plate, pushing off softened/molten polymer as flash ( Figure 4B ). Due to the low thermal conductivity conditions the temperature highly increases in the rubbing area and the tip of the rivet becomes plasticized. At this point a higher axial pressure is applied on the rivet. The plasticized tip of the rivet will deform as a result of its interaction with the colder volumes on the base plate ( Figure 4C ). After cooling under pressure, joint consolidates and a strong joint is obtained by mechanical anchoring and adhesion holding forces [24] .
Although the FricRiveting process is characterized by short heating times (typically from 0,5 to 10 s), high process temperatures are achieved, which are generally in the degradation range of the polymeric partner.
Considering that the thermal degradation is directly coupled with mechanical performance in plastics, this should be avoided or minimized in order to guarantee joint mechanical integrity in FricRiveting. In the part-I of this two-fold work, the influence of process temperature on the thermal degradation behaviour of an extruded amorphous PEI was experimentally determined for 
Sample preparation
With the aim of creating variable processing temperature conditions, joints were produced by keeping setup joining time and joining pressure constant at 3 s and 1,1 MPa (11 bar) respectively, while rotation speed was varied within 1570 -2199 rad/s (15000 -21000 rpm). The joining equipment and procedures are described elsewhere [24] . Joints in this working range exhibited good tensile and shear strength [27] . Tiny slices of thermally 13008, Riedel-de-Haёn) under stirring at room temperature during 24h, and finally filtered (0,45 μm polyamide filter). GPC-system calibration was performed with polymethylmetacrylate, PMMA, standards (Polymer Lab).
Synchrotron X-ray computer tomography (μCT)
Microtomographic testing was performed at GKSS Forschungszentrum's high-energy synchrotron beamline (HARWI-2) at
Hamburger Synchrotronstrahlungslabor (HASYLAB) of the Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany. A complete description of this μCT set-up is found elsewhere [28] . In this investigation Ф15 mm cylindrical μCT-samples were machined down from the centre of the joint, as represented in Figure 6 . 
Characterization of the untreated polyetherimide
The calculated average numeric weight (Mn) of (2,6 ± 2) 10 5 g/mol and weight molecular weight (Mw) of (5,22 ± 0,01) 10 5 g/mol measured by GPC for 2 samples of the used PEI are in the range reported before for the commercial
The untreated PEI (2 samples) was also evaluated by FTIR. The assignment of the main peaks in experimental FTIR spectrum ( Figure 8 ) is shown in Table 1 . The PEI characteristic absorption peaks for the imide (e.g.
carbonyl and amine stretching in the phthalimide rings), ether (e.g. aryl-etheraryl stretching) and propylidene groups (e.g. carbon-hydrogen stretching in the aromatic rings) were successfully identified (Table 1) . Finally, the DSCinvestigation also indicated that the glass temperature range is in accordance to the literature [3], with an average value of 221,0 o C (Figure 9 ).
Results and discussions

Influence of increasing rotation speed on the process temperature
In order to evaluate the temperature profile during the joining process, 2 joints per condition were analysed by infrared thermography. The temperature measurements carried out in the polymer flash is a good indicator of how high is the temperature of the softened polymer layer in the rubbing area. Due to the low thermal conductivity of the polymer, it is assumed that the polymer softened through frictional heating and pressed off as flash will not have enough time to cool down before it leaves the polymer base plate. In other words, the average temperature measured in the softened flash is considered nearly the same as in the molten layer inside the polymer plate.
Average process temperature evaluated by infrared thermography are presented in Figure 10 . Figure 10A shows a sharp increase in the flash temperature within the first 3 seconds (the setup joining time for these samples) indicating high heating rates. Slower cooling rates for these joints are associated with the natural cooling under room temperature. Figure 10B presents the peak temperatures extracted from the temperature vs. time curves in Figure 10A . shows the importance of the rotation speed to achieve the FricRiveting temperature.
Thermal degradation behaviour of friction riveted PEI polymer
It is well known that thermal degradation during thermal processing is highly influenced not only by the applied temperature but also by the dwell time and heating rates. Aiming to determine the thermal degradation behaviour of the friction riveted PEI polymer under increasingly rotation speed, the analytical techniques GPC, FTIR and X-ray computer microtomography were selected and their results analysed as a function of peak temperature, heating rate and heating time (the monitored time is considered the time between the initial contact of the rotating rivet with the polymeric base plate and its complete stopping).
For establishing the nature of thermal degradation mechanisms taking place during joining, specimen molecular weight distributions ( Figure 11A ) and polydispersivity ( Figure 11B ) were analysed. Only a slightly broader curve was measured after processing, with a slightly higher content of low MW polymer, when elevating rotation speed ( Figure 11A ). Taking into account this observation and the process temperature, it is possible to conclude that the main thermal degradation mechanism taking place during joining is chain scission instead of cross linking. A crosslinked structure would preferentially lead to an increase of MW [19] . This behaviour can be also confirmed by the increase of polydispersivity with rotation speed (Figure 11B ), probably owing to the presence of smaller scissioned entities. Figure 13 ).
Yet this conclusion should be taken with caution considering that the nature of the chain scission process for the thermo-mechanically degraded samples is not well defined. A closer analysis of MW distribution curves in Figure 11A may suggest that a random chain scission process occurred (curves shifting to the low MW side or longer elution times). In normal conditions, this would imply that even small variations in average MW would be responsible for changes in polymer strength, which was not the case for the samples in this work. The irrelevance of the decreasing molecular weight in the behaviour of global mechanical strength for the studied joints was demonstrated elsewhere [24] . A broader conclusion in the complex thermomechanical behaviour of the joined PEI would require a more elaborated analytical investigation of the MW distribution curves, which is out of the scope of this work.
The evaluation of degradation was further investigated by FTIR spectroscopy. The FTIR-spectra of the investigated specimens are presented in Figure 14 . From a first observation of this figure it is difficult to identify changes in intensity of the FTIR peaks of riveted specimens.
A better way of evaluating changes in the intensity of FTIR peaks can be achieved by deconvulating the spectra and calculating the evolution of the main affected polymer absorptions versus a thermally stable peak, by means of determining the normalized peak areas in comparison to the untreated polymer (A peak /A base ). Particularly for this PEI polymer Musto et al [46] identified that the peaks related to the propylidene groups as well as those ones associated with carbonyl groups and phthalimide groups are normally altered by thermal treatment, where higher temperatures lead to drops in their intensities. Figure 15 shows the behaviour of the FTIR peaks areas 3070 cm Figure 12B ). This helps to confirm the GPC results where heating time were not enough to cause high levels of chain scissioning (decrease in spectra analysed peak areas) although high peak temperatures and heating rates were present.
Finally the X-ray computer microtomography was used attempting to evaluate and quantify thermal degraded PEI material for the comparative rotation speed specimens. The cylindrical samples had their full volume rendered and divided into 3 main volume parcels, as represented in Figure 16 .
The total volume of the joint (the first volume entity in Figure 16A ) contains the PEI polymer (volume in green, Figure 16 ) and the volumetric defects (the second volume entity in yellow, Figure 16B ) around the deformed rivet. The volume of the deformed metallic rivet (in red, Figure 16C ) is the third volume entity.
As the central focus of this tomographic investigation, the volumetric defects were isolated and quantified for each specimen. Volumetric defects are considered to be flaws associated with thermo-mechanical treatment from the processing. These can be either thermal degraded material, volatile formation pores or some entrapped air bubbles due to the high shear rates involved in the process.
These flaws can drastically reduce short-and long term mechanical performance of the joint and should be avoided. Unfortunately, in the case of a process where high temperature regimes are present, such as hot-tool welding, resistance welding, induction welding and FricRiveting, volumetric defects will be inherently present [47] , so one can only reduce their density but not fully eliminate them. It has been reported that PEI has a significant affinity for atmosphere moisture [48] . While for the majority of the polymers it would negatively affect short-term mechanical properties, moisture does not considerably affect PEI strength [49] . Nevertheless, under high temperatures (T > T g ), high heating rates, and increasing heating time, desorption of moisture and other volatiles in the polymer structure can lead to nucleation and growth of voids [47] , in addition to flaws associated with chain scissioning and where thermal degradation was restricted to low amounts, mainly due to the low experienced dwell times, even when high temperatures and heating rates were observed.
Conclusions
It has been demonstrated that the rotation speed plays a important role on controlling the temperature evolution, heating rate and heating time during polymer. Consequently, thermally degraded material will be present inside the joint, which can be prejudicial to the integrity of joint mechanical properties.
Temperature and heating rates were found to increase with the rotation speed, while the heating time (in this case assumed to be the thermal degradation dwell time) increased only slightly. Thermal degradation on the other hand was observed to be less influenced by increasingly rotation speeds. GPC molecular weight measurements showed that the main thermal degradation mechanism is the chain scissioning, with very small decrease in average molecular weight (10% for Mn and 5 % for Mw at 2199 rad/s) within the studied rotation speed range. Although variations in average MW normally influence polymer strength, this was not observed for the investigated joints [24] . This minor decrease in molecular weight can be considered irrelevant for the mechanical performance of the joints because it is either above or within the molecular weight range where the strength of the PEI polymer is independent of the variations in this property [45] . is not strongly influenced by this variable [45] . Table   Table 1 . Major infrared absorbance peaks of the base material polyetherimide PEI Ultem 1000 in Figure 8 .
